ABSTRACT DNA fragments encoding a red light-inducible phycocyanin gene and a green light-inducible phycoerythrin gene have been used to investigate the effect of red and green pulses on the accumulation of phycocyanin and phycoerythrin mRNA in subsequent darkness. A red pulse promotes phycocyanin and suppresses phycoerythrin mRNA accumulation while a green pulse has an opposite effect on both transcript levels. The effect of a saturating light pulse is canceled by a subsequently given pulse of the other light quality. For a given mRNA, the positive and negative effects require the same fluence for saturation, whereas to saturate the phycoerythrin mRNA response requires at least twice as much light as to saturate the phycocyanin mRNA response. Calculations of the apparent extinction coefficients for the pigments mediating the light-regulated mRNA increase and decrease are of the order of 2 x 104 for phycocyanin mRNA and less than 104 for phycoerythrin mRNA. The data are consistent with the hypothesis that the light-induced increase and decrease of a particular phycobiliprotein mRNA is controlled by a single red/green photoreversible photosystem, but that phycoerythrin and phycocyanin mRNA levels are either controlled by two distinct photoreversible systems or that marked differences occur in the chain of events leading from photoperception to gene activation. These system(s) differ from most phytochrome systems in several ways: First, they remain fully on or off depending upon the light quality of the terminal irradiation. Second, they can be completely reversed by light of the appropriate wavelength after several hours of darkness without diminution of the effectiveness of the reversing light pulse. These two features argue against the existence of dark reversion or dark destruction of the biologically active moiety. Third, signal transduction is rapid-measurable mRNA changes occur even during a 10 minute irradiation.
Many cyanobacteria, such as Fremyella diplosiphon, alter the composition of their phycobilisomes in response to the environmental light quality, a phenomenon first described by Engelmann (15) who related the water depth at which blue-green algae grew with their ability to synthesize pigments complementary to the color of the incident light. This phenomenon, termed complementary chromatic adaptation (4, 38) , is the consequence of alterations in the relative concentrations of the red-colored phy- ' CIW-DPB publication No. 1011. This work was supported by National Science Foundation grant DCB-86 15606 awarded to A. R. G. and W. R. B. R. 0. was supported by the Alexander von Humboldt-Stiftung (Feodor Lynen-research fellowship).
cobiliprotein, phycoerythrin (PE2) and blue-colored phycobiliprotein, phycocyanin (PC) (3, 5, 8) ; red light (R) promotes PC and suppresses PE and green light (G) promotes PE and suppresses PC accumulation (37, 40) . The action maximum for PE synthesis is between 540 and 550 nm (22, 40) , while the highest rate of PC synthesis occurs at wavelengths between 650 and 660 nm. Since R and G pulses potentiate synthesis of PC and PE in subsequent darkness (D) and since the effects of the light pulses are photoreversible (16, 17, 21) , it has been postulated that chromatic adaptation is controlled by a photoreversible photoreceptor with action maxima in the R and G region of the visible spectrum (4, 40) .
Each phycobiliprotein consists of an a and j3 subunit and recently many genes encoding these phycobiliproteins and their associated linker polypeptides have been isolated from cyanobacteria (2, 9-13, 25, 32-35) and eukaryotic algae (9, 30, 31) .
Using a DNA fragment which encodes the end of the PE and the first 161 nucleotides of the PEO from F. diplosiphon Grossman et al. (20, and unpublished data) have shown that both subunit genes are transcribed as a single mRNA. Similar results have been obtained by Mazel et al. (34) . Moreover, transcripts are detectable at high levels in cells maintained in G, and only at low levels in R-acclimated cells. This finding is consistent with previous results, obtained with inhibitors of transcription, suggesting that PE accumulation in G is regulated at the level of transcription (18) .
However, PC is present both in R-and G-acclimated cells (7) .
Recently Conley et al. (1O, 12) have shown that in F. diplosiphon at least 2 PC gene sets are located on the cyanobacterial genome: while transcripts from one (inducible) gene set are only detectable in cells grown in R (10) transcription from a second (constitutive) gene set occurs in both R-and G-acclimated algae (12) . A third 'PC-like' gene set has also been isolated and partially sequenced (20) , although expression from the gene set could not be detected. These observations are consistent with the findings of Bryant (7) and Bryant and Cohen-Bazire (8) that at least two distinct sets of PC subunits are present in cyanobacteria which exhibit complementary chromatic adaptation, one present in cells grown either in R or G and the other only in cells maintained in R. As for the PE genes, the a-and ,-subunit genes for PC are transcribed as a dicistronic mRNA (1O, 12, 31) which might insure that both subunits are produced in a 1:1 ratio, i.e. the ratio observed in the phycobilisomes. The aim of the present study is to investigate PC and PE mRNA regulation by a postulated R/G-photoreversible photoreceptor (4). Using DNA fragments specific for the light-inducible PC and PE genes we have measured changes of the transcript PHOTOREVERSIBLE LIGHT EFFECTS ON PHYCOBILIPROTEIN mRNA SYNTHESIS levels after transfer of R-and G-acclimated cells to D. The light treatments were terminated with R and G pulses in order to study the effect of these light pulses on the accumulation of PCand PE-mRNA levels during subsequent D. It was found that the mRNA levels of both phycobiliproteins respond rapidly to light pulses. Moreover, the data indicate that both the lightstimulated increase and decrease of PC and PE mRNA levels in F. diplosiphon are controlled by R/G reversible photosystem(s) with some characteristics similar to those of phytochrome, but with some important differences. (29) .
MATERIALS
Quantitation of mRNA. The method used for determination of relative amounts of mRNA levels by slot blot hybridization has been described in detail (27, 39) . For hybridization a 3.7 kb HindlIl DNA fragment was used which contains the R-inducible cpcA2B2 (genes encoding inducible PCac) (10) . A 294 bp XbaI fragment encoding amino acids 6-104 of PE, (20) (AR Grossman, personal communication) was used for quantitations of the PE-mRNA levels. The DNA fragment encoding the ,-subunit of the AP gene set (apcAB) is a 693 bp PstI/HaeIII fragment which begins 37 nucleotides from the site of translation initiation and ends 240 nucleotides downstream from the termination codon (PG Lemaux, AR Grossman, manuscript in preparation). Hybridization was performed at 67°C (15-18 h, 104 Cerenkov counts/slot). The 3.7 kb HindIll fragment encoding the PC genes was hydrolyzed to 400 to 800 bp by boiling in 0.5 M NaOH for 4 to 5min prior to hybridization (31 (10, 19, 20) .
All values are based on three to four independent experiments.
Representative slot blots are shown in the accompanying paper. 
RESULTS
Figure 1, top, shows that the PC mRNA level is high in Racclimated cultures and hardly detectable in cultures kept in G. On the other hand (Fig. 1, bottom) Plant Physiol. Vol. 88, 1988 effect of the light pulse treatment is observed for the PE mRNA level (Fig. 1, bottom) . However, in general the decrease of the mRNA level in D is far slower for PE than for PC.
In cells adapted to G and therefore low in PC mRNA ( Fig. 1 , top) an increase in PC mRNA can be induced by a single R pulse (Fig. 2, top) . Indeed, the slower PC mRNA decrease in D after a R pulse (Fig. 1 , top) may be a consequence of the persistence of the inductive effect of R. In comparable fashion, in cells maintained in R and low in PE mRNA (Fig. 1, bottom) , an increase in PE mRNA can be induced by a single G pulse (Fig. 2, bottom) . Again, the slower PE mRNA decrease in D after a G pulse than after a R pulse (Fig. 1, bottom (Fig. 3) .
The amount of mRNA coding for the allophycocyanin protein (AP) is not affected by R and G (Fig. 4) . With the same RNA samples probed for PC and PE mRNA it was found that the level of transcript encoding AP is almost the same in R-and Gacclimated cells and that the decrease of this mRNA level upon transfer of G-accimated cells to D is not significantly affected by a R and G pulse given at the end of the light treatment (Fig.  4) . Thus the level of AP mRNA is not differentially controlled by R and G even though light is required for its maintenance. Two other mRNA species, that for the core linker protein of the phycobilisomes (20) (PG Lemaux, AR Grossman, manuscript in preparation), and that thought to encode the anchor protein (PG Lemaux, AR Grossman, manuscript in preparation) behaved in a similar fashion in that they required light for maintenance, but decayed equally fast after R or G treatment (data not shown). Figures 5 and 6 show the dependency of the PC and PE mRNA levels, respectively on the fluence of the R and G pulses given prior to a 2 h D incubation period. Cultures were either grown in G and received pulses of different fluences of R or in R followed by pulses of different fluences of G before transfer to D. Under our growing conditions fluences up to 100 (log 2.00) lsmol m-2 are ineffective in causing significant changes in the amount of PC and PE mRNA. For PC mRNA, light pulses at a fluence of 3 x 102 (log 2.48) ,umol m-2 give a threshold response, 103 (log 3.00) gmol m-2 gives half saturation of the response, and 3 x 103 (log 3.48) ,umol m-2 is saturating (Fig. 5) . However, in the case of PE mRNA, both the inductive effect of a G pulse as well as the reduction of the high PE mRNA level in Gacclimated cells by a R pulse requires at least 1.5 x I03 (log 3. 18) ,umol m-2 to be half saturated (Fig. 6 ).
In the above experiments, a change in total fluence was obtained by varying irradiation time (between 2 and 100 s) at a constant fluence rate. Table I The amount of mRNA detectable after the inductive light pulse (R for PC mRNA and G for PE mRNA) was taken as 100% and the other mRNA levels referred to these values. The data are based on 3 different RNA extractions, and the variation of the original data is of the order of 6% (for PC mRNA) and 12% (for PE mRNA). and is independent of fluence rate or duration of irradiation. Within the errors of experimentation the reciprocity law is valid. Longer exposures at lower fluence rates were not included as with irradiation times longer than 500 s measurable mRNA changes are already under way. Figures 7 and 8 show the fluences required in a second light pulse to cancel the effect of an initial pulse of the opposite light quality. Cultures were either grown in R and received a saturating G pulse followed immediately by a variable R pulse or were grown in G and received a saturating R pulse followed immediately by a variable G pulse before transfer to D for 4 h. The data are in agreement with the results shown in Figures 5 and 6 : (a) A final R pulse induces PC mRNA (Fig. 7, top ) and reduces the PE mRNA level (Fig. 8, bottom) , while a final G pulse reduces the abundance of PC mRNA (Fig. 7, bottom) and promotes PE mRNA accumulation (Fig. 8, top) . From the data shown in Figures 5 and 6 the apparent extinction coefficients for the induction and reversion of PC and PE mRNA were calculated (Table II) by the classical approach of Hendricks et al. (23) for phytochrome action. These calculations are made under two general assumptions: first, that production of active photoproduct, P, is a consequence of first order photochemistry, and, second, that mRNA abundance is linearly related to photoproduct concentration. If these assumptions are correct, then P(t) = P(O)6I'el, where I is the fluence rate in moles of quanta m-2, is the quantum efficiency of the photoprocess, e is the molar extinction coefficient, and t is the time in s. Under these assumptions, and an added assumption of a quantum efficiency of 0.1 for each photoreaction, the extinction coefficients are of the order of 2 x 104 based on PC-mRNA measurements whereas the coefficients for both the induction and reversion are below 104 when the PE mRNA data are used for the calculation.
DISCUSSION
The data show that light pulses affect the accumulation of the R-inducible PC mRNA and the G-inducible PE mRNA in subsequent D. R causes an increase in PC and a decrease in PE mRNA levels and G has exactly the opposite effect (Figs. 1-3) . The fact that for a particular mRNA the apparent extinction coefficient is almost the same for the increase and suppression is compatible with the hypothesis that light control of this mRNA accumulation is regulated by a single photoreversible photoreceptor (4, 40) .
Calculations of the apparent extinction coefficient based on PC and PE mRNA measurements suggest that at least twice as much light is required to affect the level of PE mRNA as is required for the PC mRNA response (Table II, tion of R-and G-acclimated cells. For example, it requires less R to induce PC mRNA than to cause a decrease in PE mRNA in the identical G-acclimated cells; conversely, it requires less G to cause a decrease in PC than to induce PE mRNA in the identical R-acclimated cells. The lower sensitivity of the PE mRNA responses persists in the absence of any difference in the screening pigments. If we assume that R/G reversible changes in the state of a photoreceptor causes a proportional change in the amount of mRNA, light regulation of PE and PC mRNA would likely occur via two different photoreceptors, both of which are photoconvertible. However, it is yet to be determined whether fluence-response relations measured at the level of steady-state mRNA reflect differences in the fluence-response relationships of the underlying primary photoreactions. Differential fluence requirements of the promoting and suppressing light pulses for PC and PE mRNA accumulation might also be explained on the basis of a single photoreversible photoreceptor with PC and PE mRNA-specific differences in the signal transduction chain(s).
The fluences required for the reversal of the positive and negative light effects (Figs. 7 and 8 ) are significantly higher than those required for the positive or negative responses themselves (Figs. 5 and 6 ). This difference is probably because the wavelengths of the reversing light pulses shown in Figures 7 and 8 shown in Figures 5 and 6 the wavelength of the light pulses are in spectral regions where such absorption is much weaker (R pulse applied to G-acclimated algae and vice versa). This inter- pretation has been confirmed by transmission measurements of R and G through R-and G-acclimated algal cultures (data not shown).
In previous studies on chromatic adaptation in Tolypothrix tenuis, the effect of R and G pulses on the accumulation of the PC and PE chromoproteins in subsequent D has also been investigated (17) . Cells were kept in nitrate-free medium to prevent phycobilisome formation. When nitrate was added, phycobiliprotein synthesis occurred even in D and predominantly PC was formed if the last light treatment was R while PE was synthesized if the light period was terminated with G. In this case as well, the effect of R illumination could be reversed by subsequently given G and the effect of G by a subsequent R treatment. An induction of PE synthesis by a G pulse and its reversibility by R has also been demonstrated in F. diplosiphon (40) . However, since PC synthesis occurs in both R-and Gacclimated cyanobacteria (7, 22 ) the effect of light pulses on PC accumulation in D has not previously been investigated in detail. The use of a probe specific for the light-inducible PC gene (10) , i.e. one which hybridizes only to R-induced PC transcripts and not to transcripts of the constitutively expressed PC gene set, allowed us to compare the effect of R and G pulses on both PC and PE mRNA levels.
Even though nothing is known about the steps occurring between the perception of light and the observed changes in the mRNA abundance, Figures 1, 2, and 3 show that the events are ------------------------------------------------------ (Fig. 3) . Moreover, a 10 min inductive light pulse suffices to cause an increase in the mRNA accumulation over at least 4 h in D and a cancelling light pulse, given 2 h after the inductive pulse prevents further mRNA accumulation almost immediately (Fig.  2) . Thus the effect of the light is already complete within the 10 min illumination period before the cultures are transferred to D.
The kinetics of mRNA accumulation in D following R and G pulse treatments are different for PC and PE mRNA. As an example: Figure 1 shows that the decline of PC mRNA in D is much faster than the decline of the PE mRNA level irrespective (Fig. 1, top) , the PE-mRNA level in R is about 10% of the level detectable in G (Fig. 1, bottom) . This difference may simply be a function of the spectral quality of the light sources and the absorption properties of the pigments. For example, the G source might cease transmitting at wavelengths sufficiently short that it would not excite the photoreceptor that induces an increase in PC mRNA, while the red source might emit light at sufficiently short wavelengths to turn on at least partially the photoreceptor system inducing PC mRNA.
The action of the photoreceptor(s) on PE and PC mRNA accumulation is in some way comparable with phytochromeinduced changes of gene expression in higher plants. However, the photobiological properties of the cyanobacterial system indicate that the underlying mechanisms between perception of light and alteration of gene expression might be different from phytochrome-controlled gene expression (36) . First, in F. diplosiphon, the response to light pulses occurs immediately and persists in subsequent D as though a single switch were turned on or off and remained in that configuration, dependent entirely on the light quality of the last irradiation. Second, the position of the switch as set by one pulse can be reversed by the appropriate light treatment after several hours of D without any diminution in the effectiveness of the second pulse. Taken together, these two properties ofthe cyanobacterial system indicate that the kinds of dark reactions well known for phytochrome systems (dark reversion, destruction) (24) are lacking in F. diplosiphon. Third, even immediate irradiation with a second light pulse of the opposite quality fails to reverse the effect of the first light pulse completely (Fig. 3) . Thus a fraction of the final response, in this case a change in mRNA abundance, has already taken place by the end of a 10 min irradiation and the passage of signal through the transduction chain has been rapid. Escape kinetics are too rapid to be measured with the present techniques, though the time course for escape might be measurable by use of shorter light pulses of a fluence higher than available in the present study or at lower temperatures. Changes in mRNA abundance as rapid as those reported here are not usual in systems in which mRNA abundance is regulated by phytochrome (e.g. 1; see 36) though some rapid responses at the mRNA level, mediated by phytochrome, have been reported (28) . Finally, both R and G induce both positive and negative responses. If single photoreversible pigment systems are involved, one cannot state with confidence which form is biologically active-indeed both forms might be (leading to repression in one configuration and activation in the other). This situation is unlike that for phytochrome where there is abundant evidence that Pfr is the biologically active form (6) .
